Abstract The current therapeutic strategies are not efficient in treating disorders related to the central nervous system (CNS) and have only shown partial alleviation of symptoms, as opposed to disease-modifying effects. With change in population demographics, incidence of CNS disorders, especially neurodegenerative diseases, is expected to rise dramatically. Current treatment regimens are associated with severe side-effects, especially given that most of these are chronic therapies and involve elderly population. In this review, we highlight the challenges and opportunities in delivering newer and more effective bio-therapeutic agents for the treatment of CNS disorders. Bio-therapeutics like proteins, peptides, monoclonal antibodies, growth factors, and nucleic acids are thought to have a profound effect on halting the progression of neurodegenerative disorders and also provide a unique function of restoring damaged cells. We provide a review of the nano-sized formulation-based drug delivery systems and alternate modes of delivery, like the intranasal route, to carry bio-therapeutics effectively to the brain.
influx transport proteins; there are also efflux transporters like the MDR1, BCRP, MRP1, present at the BBB which pump out the substrates from the cells back into the bloodstream. A recent paper highlights the role of P-glycoprotein in predominantly causing efflux of antiepileptic drugs from the brain [5] .
The blood-CSF barrier: Unlike the BBB, the blood-CSF barrier has a lot less surface area and hence, likely to pose less obstacle in drug delivery to CNS. However, it does possess tight junctions between the epithelial cells of the choroid plexus, which prevents drugs from entering the CSF.
Systemic distribution and clearance [6] : There is a significant component of dilution and metabolism of drugs due to systemic distribution in peripheral tissues, specifically for lipophilic compounds that are synthesized in order to increase CNS permeability. These lipophilic compounds more readily penetrate into peripheral tissues in the body when administered systemically, hence requiring a larger dose to achieve the required therapeutic levels in the brain. This leads to non-specific systemic side-effects. The discovery of antennapedia (Antp)-mediated transduction of heterologous proteins into cells, and of other "Trojan horse peptides," raised hopes for effective delivery of biological therapeutics across the BBB and cellular membranes [7] .
Bio-therapeutic delivery for CNS diseases
Passage of bio-therapeutics into the brain hence needs an effective delivery mechanism that can cross the BBB. Current means to deliver these agents to the CNS can be broadly classified into invasive and non-invasive strategies; some of these are highlighted in Table 1 . Owing to the complexity of neuro-surgical procedures, for example the intracerebroventricular and intrathecal injection, or intracerebral implantation and, the risks involved with invasive strategies; noninvasive strategies of drug delivery are gaining more attention.
Nanotechnology solutions for CNS therapy
Since majority of CNS compounds have limited brain uptake, due to low permeability across the BBB or high efflux rate or high plasma protein binding; there have been several Fig. 1 Transport pathways across the blood-brain barrier [112] . A schematic of the blood-brain barrier (BBB) highlighting the proximity of the endothelial cells with the astrocyte foot processes. The major known pathways for transport across the BBB are: a Paracellulartight junctions restrict penetration of water-soluble agents. b Transcellular-lipid bilayer membrane of the endothelium provides diffusive route for lipid-soluble agents. c Transport proteins-The endothelium contains transport carriers for glucose, amino acids, and other substances. Also, are present the energy-dependent efflux transporters. d Receptor mediated-certain proteins, such as insulin and transferrin, are taken up by specific receptor-mediated endocytosis and transcytosis. e Adsorptive transcytosis-uptake of native plasma proteins such as albumin. Pathways b-e are prominent in drug delivery across the BBB; most CNS drugs enter via route b attempts to use nanotechnology-based drug delivery systems to overcome these challenges. Following intravenous administration, the colloidal systems can extravasate into compromised BBB, e.g., the brain tumor, which leads to a more selective drug delivery into brain tumors [8] . Particles that have been reported to cross the BBB include liposomes, solid lipid nanoparticles, nanoemulsion, albumin nanoparticles, and polymeric nanoparticles [9] . Additionally, these Table 1 Invasive and non-invasive strategies for delivery to the CNS
Strategies Description and examples References
Invasive strategies Intracerebroventricular injection Intracerebral infusion or implant localized to a small area in the brain, e.g., tumor site, particular failing neuron. Clinical data reported with GDNF, CTNF neurotropic factors.
[ [85] [86] [87] [88] Intra-arterial administration and transient disruption of the BBB Intra-arterial administration increases drugs' systemic concentration by eliminating first-pass metabolism. Hyperosmolar sugar solutions (20 % mannitol) or immune adjuvants' (Freund's) administered in carotid artery; or application of ultrasound: shrinkage of endothelial cells, thereby causing transient opening of the tight junctions for~20 min. [86, 87] Intraventricular/intracerebral implants Direct injection into the CSF; subcutaneous implant in the scalp connected to the ventricles by a catheter (convection-enhanced drug delivery (CED)). Intracerebral polymeric implants for local delivery.
[ [88] [89] [90] Focused ultrasound (FUS) Utilizing microbubbles to create an acoustic cavity and a pressure shock wave that temporarily punctures the endothelial wall to cause a transient influx of otherwise impermeable drugs. Biotherapeutics like Rituximab, an anti-CD20 mAb, have been delivered across BBB using this methodology.
[2], [91, 92] Non-invasive strategies Altering the chemistry Increasing the lipophilicity of molecules (e.g., pro-drug approach), coupling nucleic acids to cell penetrating peptides, 'molecular trojan-horse' approach to improve BBB penetration. [76, 10] Intranasal Delivery Evidence of intranasally delivered therapeutics reaching the CNS via olfactory region or trigeminal pathway, bypassing the BBB. E.g., Delivery of insulin or nerve growth factor (NGF) via intranasal route.
[ 93, 94] Colloidal drug carriers Liposomes (e.g., NGF or immunoliposomes), emulsion (e.g., nanoemulsions), solid-lipid nanoparticles (e.g., thiamine-coated nanoparticles) and polymeric nanoparticles (e.g., nerve growth factor using poly(butyl cyanoacrylate) nanoparticles) for delivery to the brain.
[95]
Co-administration with inhibitors of efflux
Combination of anticancer drugs with specific P-gp inhibitors, like valspodar, zosuquidar, etc. lead to stronger P-gp inhibition and hence, better CNS penetration.
[87] Fig. 2 Examples highlighting the span of nano-sized drug carriers for enhanced delivery of bio-therapeutics to the brain [6] delivery technologies can be surface modified with PEG (for longer circulation times) or specific antibody targeting receptors of the brain (immunoliposomes) or chimeric proteins [10] to form multifunctional nanoparticulates. Figure 2 illustrates some of the drug-delivery systems reported for systemic delivery of therapeutics to the CNS.
Nanoparticle delivery systems
Liposomes: Liposomes are artificial phospholipid vesicles that can be designed for effective encapsulation and systemic delivery of the therapy. Unmodified liposomes are rapidly eliminated from systemic circulation by the cells of reticuloendothelial system and hence, long-circulating liposomes and targeted liposomes are being explored [11] . To facilitate targeted delivery of PEG-modified liposomes to the brain, they can be further modified with various ligands like monoclonal antibodies against glial fibrillary acidic proteins, transferrin receptors, or human insulin receptors [12, 13] . Transferrinconjugated liposomes are shown to preferentially deliver the payload, e.g., 5-flurouracil to the rat brain, and likely taken up by receptor-mediated endocytosis [14] . In a rat model of Parkinsonism, OX26 immunoliposomes resulted in a clear pharmacological effect causing reversible normalization of striatal tyrosine hydroxylase expression, thereby demonstrating the transcytosis-mediated delivery across the BBB [15] . Another advantage to surface modified liposome-based drug delivery systems is their property to prolong the half-life of the payload. A recent work highlights glutathione PEG-modified (GSH-PEG) liposomes to enhance and prolong blood to brain drug delivery of the opioid peptide DAMGO (H-Tyr-D-AlaGly-MePhe-Gly-ol) [16] .
Solid-lipid nanoparticles (SLNs): Solid-lipid nanoparticles are surfactant-stabilized aqueous colloidal dispersions of lipid nanoparticles that solidify upon cooling. They contain a lipid phase dispersed in an aqueous environment [6] . Polyethylene glycol (PEG)-modified SLNs have been shown to penetrate the BBB and allow for greater delivery of drug to the CNS [17] . The potential use of SLNs and PEG modified SLNs for antitumor drugs like camptothecin, doxorubicin for brain drug delivery has been widely explored recently [18] , and a review article on this topic has been published [19] . SLNs are advantageous over polymeric nanoparticles due to their low intrinsic cytotoxicity, physical stability, protection of labile drugs from degradation, controlled release, and ease of preparation, which makes them quite attractive candidates for brain delivery, particularly for the treatment of brain tumors [12] . SLNs are less efficient for encapsulation of hydrophilic compounds, and hence may require heating during preparation, or a strategy like incorporating an amphiphilic polymer in the lipids to form complexes with the charged, water-soluble drug molecules, thus making polymer-lipid hybrid nanoparticles [20] .
Polymeric nanoparticles: Polymeric nanoparticles are solid colloidal particles created from polymeric systems. These nanoparticles are made from biocompatible polymers that encapsulate or adsorb drugs for prolonged release [6] . Polysorbate 80-coated poly(n-butylcyanoacrilate) nanoparticles have been formulated by emulsion polymerization method to target selectively rivastigmine or tacrine to the CNS for Alzheimers dissease [21] . Coating of nanoparticles with 1 % polysorbate 80 increased the concentration of drug in the brain when compared with the free drug, indicating potential selective targeting to the CNS. Another advantage to this targeted delivery is its potential to reduce or overcome the hepatic or gastrointestinal side-effects associated with conventional therapy.
Oil-in-water nanoemulsions: Nanoemulsions are oil-inwater (O/W) or water-in-oil (W/O) formulations made with edible oils, surface-active agents (surfactants), and water, where the diameter of inner phase is reduced to nanometer length scale [22] . The versatility of nanoemulsions is based on the different types of oils and surface modifiers that can be used [23] . For instance, we have found that oils that are rich in omega-3 polyunsaturated fatty acids (PUFA) can play a very important role in overcoming biological barriers, including the BBB. Lastly, hydrophobic payloads and imaging agents can be readily incorporated in the oil phase of the nanoemulsions [24, 25] .
Strategies to improve CNS delivery
Multifunctional nanosystems with different types of payloads and targeting capabilities in a single platform are gaining more attention and focus recently, mainly due to their wider capabilities in being amenable to therapeutic, diagnostic and imaging applications. These systems can be designed to achieve active targeting, efflux transporter inhibition or their delivery using alternate routes/ techniques to overcome the BBB.
Active targeting: Nanocarriers can be surface modified to include 'active targeting moeities' like monoclonal antibodies, cell penetrating peptides or receptor substrates which improve the specificity of uptake and transcytosis [26] . For example, anti-transferrin receptor antibody (OX26) linked to liposomes lead to enhanced delivery of daunomycin and plasmid to the brain [27] . Cell penetrating peptide, TATmodified-micelles improved delivery of ciprofloxacin across human brain endothelial cells and coumarin to rat brain [28] . Solid-lipid nanocarriers directly linked or indirectly adsorbed to apolipoproteins (ApoA or ApoE) were able to cross BBB and delivered its payload to brain [29] . Transferrin or folate receptor-coated liposomes significantly improved the uptake of the drugs by the brain.
Enhancing BBB permeability: In addition to the transcellular uptake, receptor-mediated endocytosis, and active targeting nanotechnologies, various other strategies have been reported to improve drug delievry to the CNS. One of them is improving paracellular permeability across the tight junctions of the BBB by use of vasoactive agents, which momentarily permeabilizes the blood vessel. However, these are associated with significant side effects and dose limitation [18] . Another approach is use of hypertonic solution of mannitol, which transiently opens the tight junctions due to shrinkage of endothelial cells, thereby improving the penetration of therapeutics administered by intraarterial infusion [30] . Another approach that has recently gained much attention is intranasal delivery of nanocarriers. This route allows to bypass BBB by crossing the olfactory epithelium to achieve direct nose-to-brain delivery via the olfactory or trigeminal nerve system [26] .
Overcoming efflux transporter inhibition: While the carriermediated transport proteins across the BBB specifically carry amino acids, glucose, nutrients, etc. from the blood to the brain; there also exists the ATP-binding cassette (ABC) transporters at the BBB, which are responsible for pumping its substrates out of the brain into the blood. ABC family of active transporters are P-Glycoprotein (P-gp/MDR1), breast cancer resistance protein (BCRP/ABCG2) and the multi-drug resistance-associated protein (MRP) family. This active transport process is one of reasons for CNS anticancer drug resistance. P-gp was found in resistant glioblastomas [31] , suggesting a role of P-gp in limiting anticancer drug penetration into brain tumors despite the leaky nature of glioma vasculature. There have been various pre-clinical and clinical studies to explore P-gp inhibitors to improve CNS penetration; however, first-generation P-gp inhibitors (e.g., vincristine, virapamil) carried toxicity issues. Several new P-gp inhibitors (e.g., valspodar, elacridar, and zosuquidar) may improve the clinical outcome for this strategy [32] . However, there will always be a risk of systemic side effects and pharmacokinetic interactions, and to overcome this risk, one approach is to deliver these efflux transporter inhibitors with nanocarriers [33] .
Nanotechnology in neurology has the potential to dramatically affect the ability to specifically target drugs to and across the BBB, to develop potential regenerative therapies and engineer new advanced diagnostic tools for early diagnosis of the disease [21] .
Intranasal delivery to the CNS

Anatomical structures for nose-to-brain transport
In the last few years, a lot of research has been carried out both in animals and humans, showing the delivery of exogenous substances from nose to brain, which bypasses the BBB. This route involves the olfactory or trigeminal nerve systems which are initiating from brain parts and are terminating in the nasal cavity at the olfactory epithelium or respiratory epithelium. This section briefly considers the anatomy and details of the structure involved in the transfer of molecules from nose to brain. In humans and most other mammals, nose serve as an organ for olfaction and its primary function includes humidity and temperature regulations of inhaled air and removal of the microorganism from inhaled air. The nasal cavity is divided by the nasal spectrum into two halves. Each half of the nose has three functionally unique regions within the nasal cavity and these are the vestibular, the respiratory and the olfactory regions.
The nasal vestibule present just at the opening of the nose is covered with stratified squamous epithelium with long hairs which helps in filtering of airborne particles. Nasal cavity, unlike other biological membranes, is highly porous and has a thin endothelial basal membrane. It also has a rich supply of blood flow due to highly vascularized epithelial layer, where blood is drained directly into systemic circulation.
The respiratory epithelium: The largest of the three regions in humans is the respiratory region, which lies next to the vestibule region. It is a highly vascularized respiratory epithelium which is made of pseudostratified columnar epithelium, consisting of four main cell types: ciliated and nonciliated columnar cells, goblet cells, and basal cells (Fig. 3 ). These cells facilitate active transport of water and ions between cells. The epithelial cell layer is covered with mucus, which is produced by the goblet cells and cleared by the beating of the cilia. The respiratory epithelial cells are surrounded by microvilli, which provide a high absorptive capacity. In humans, the respiratory mucosa covers most of the total surface area and is a major site of systemic drug absorption due to increased surface area provided by the microvilli and also due to the rich vascular capillary bed that lies directly beneath the surface [34] .
The olfactory epithelium: The olfactory region is located at the most dorsal and caudal region of the nasal cavity. The olfactory epithelium is located on the top of the nasal cavity and under the cribriform plate of the ethmoid bone which divides the cranial cavity from nasal cavities [34, 35] . The cribriform plate is known to have pores that allow passage of the neuronal axons from the olfactory epithelium cells to the CNS. It consists of modified columnar, pseudo-stratified epithelium similar to respiratory epithelium and consists of following main cell types, the ORNs (olfactory receptor neurons), sustentacular (supporting) epithelial cells, horizontal basal cells, and globose basal cells [36, 37] . The olfactory receptor neurons or the axons are unmyelinated and interspaced between the supporting cells. Tight junctions exist between the supporting cells and olfactory nerve cells.
Olfactory receptors neurons:
The first order of neurons that transport odorants and macromolecules are the ORNs. Single dendrites of the olfactory neurons cells terminate in the olfactory knobs and have 10-25 immobile cilia. Cilia express receptors for binding to odorant molecules and once activated causes depolarization of the olfactory axon by iongated channels or cAMP operated ion-channels. In the basal regions of the receptor cell bodies, ORNs taper into unbranched and unmyelinated axons eventually forming small bundles with other ORN axons. The olfactory receptor neurons are bipolar neurons that connect the olfactory bulb of the brain with the nasal cavity. The axon of olfactory receptor neurons extend from cell bodies through the lamina propria into cribriform plate and enter perineural space as bundles which are surrounded by Schwann's cells and perineural epithelial cells sleeve. Eventually the olfactory axons enter the olfactory bulb and terminate in spherical neuropils called glomeruli, synapsing with second order mitral and tufted neuronal cells. Olfactory neurons are distinct from other neurons in the CNS and peripheral nervous system (PNS ) due to these unique characteristics: (1) ORNs are in direct contact with the external environment due to their peripheral location, which makes them vulnerable compared to internal sensory neurons. (2) With their peripherally located dendrites and direct projection of axons centrally to the forebrain, ORNs form a direct pathway for entry of exogenous substances into the brain. (3) ORNs are able to regenerate themselves through continued postnatal neurogenesis which involves neurotrophic, growth and adhesive factors [35, 38] Nose-to-brain transport pathways
Delivery of large number of small molecules to CNS using the intranasal route has been very successful and now considerable evidence has started to emerge for the success in the delivery of various biologics, which are otherwise hard to deliver to brain via other routes, due to low bioavailability. Attainment of clear understanding of the nose to brain transport pathways for these macromolecules have been extremely complicated, but there has been lot of studies showing transport to the CNS by different pathways. Macromolecules entering the CNS via the olfactory nerve pathway have been found to be distributed within rostral brain regions, such as olfactory bulb, anterior olfactory nucleus, forebrain, and hippocampus. Additionally, macromolecules utilizing extracellular transport pathways, such as along the trigeminal nerve complex, are able to distribute within caudal brain regions including the brainstem, cerebellum, and hypothalamus [39] . Most studies performed to understand the pathways involved in intranasal delivery to CNS include, initial removal of blood from the cerebrovasculature and fixation by cardiac perfusion before measurement of tissue concentration. Based on various studies, the different pathways involved are listed below.
The olfactory nerve pathway: Olfactory nerve pathways are the major transport pathways for biologics to access the CNS after intranasal dosing, evidenced by high concentration obtained in the olfactory bulbs. Also good correlation has been obtained between the concentration in the olfactory epithelium and olfactory bulbs for various compounds. Intranasal administration of [ 125 I]-IGF-I (Insulin growth factor-1) Fig. 3 Pathways of drug distribution in the nasal cavity through the respiratory and olfactory epithelium following intranasal administration, drugs (blue circles) come into contact with the nasal mucosa, which is innervated by olfactory and trigeminal nerves resulted in significantly high concentrations in nearly all CNS regions (olfactory bulb, anterior olfactory nucleus, frontal pole, and motor cortex), the trigeminal nerve and areas just below where the trigeminal nerve enters the brainstem (medulla and cervical spinal cord). Levels of [
125 I]-IGF-I in most CNS areas were either similar to or significantly greater than the final blood sample concentration following intranasal administration [39] . Radiolabeled glucagon-like peptide-1 antagonist, when delivered through the intranasal route, showed maximum distribution in the olfactory bulb; when compared to blood, cervical lymph nodes and other regions of the brain [40] .
Intracellular axonal pathway: Intranasally administered substances, including macromolecules, are taken up by dendrites of ORNs by either passive diffusion or by receptormediated endocytosis followed by, intracellular transport to the olfactory bulb and further distribution to other CNS parts. Studies comparing intracellular transport of conjugated wheat germ agglutinin (WGA)-HRP and HRP within the ORN have found that different endocytosis pathways are involved. Unconjugated HRP, enters ORNs by a fluid-phase endocytosis as the protein lacks the binding sites on the ORN membrane. On the other hand, WGA-HRP, a 62-kDa lectin conjugate binds the cell surface glycoproteins and are taken up by receptor-mediated endocytosis, followed by trans-neuronal transport after processing in the trans golgi saccule [41] . These and many other studies have shown that this pathway is slow in transport, and might take few hours to days to have detectable levels of drugs in the olfactory blubs. There are only a handful of molecules known to be transported through this route as compared to the extracellular pathway, as one would expect that receptor based pathway (as the intracellular axonal pathway) should be saturable and also should be specific. However, evidence has been found for various macromolecules transported through the nasal cavity.
Olfactory epithelium pathway or extracellular pathway: -This is an alternative transport pathway which provides fast and direct transportation of macromolecules from nasal cavity to the olfactory bulbs and other regions in the CNS. Transport involves rapid movement of molecules between cells in the nasal epithelium through, either receptormediated endocytosis, fluid-phase endocytosis, or by passive diffusion. Molecules may also cross the tight junctions between the supporting cells by paracellular mechanisms (Fig. 4) . Once the olfactory membrane is crossed, molecules enter the lamina propria to gain access the perineural spaces surrounding the olfactory nerve fascicles. Perineural spaces are the extension of the subarachnoid space which allows CSF in the subarachnoid space to be in continuation with perineural fluid. Hence, the intranasally delivered biotherapeutics could rapidly travel, requiring only few minutes up to 30 min, through perineural spaces reaching the CSF and CNS. Intranasal delivery of [
125 I]-IGF-I showed maximum concentration in olfactory bulbs within 30 min, 70 μg [125I]-radiolabeled BDNF, CNTF, NT-4, or erythropoietin (EPO) resulted in peak neurotrophin concentrations (0.1-1.0 nM) within 25 min in brain parenchyma [42, 43] .
Transport through the trigeminal nerve pathway: Thorne et al. [42] recently identified another important pathway connecting the nasal passages to the CNS involving trigeminal nerve which innervates in the respiratory and olfactory epithelium of the nasal cavity and enters the CNS in the pons [42] . Trigeminal nerve conveys sensory information via the ophthalmic division (V1), maxillary division (V2) or mandibular division (V3) to CNS [44, 45] . These three branches of nerves meet at the trigeminal ganglion from where they extend as one to the brain at the pons, terminating in the spinal trigeminal nuclei in the brainstem. Intranasal drug delivery through this pathway was first demonstrated by the evidence of high levels of radioactivity Fig. 4 Schematic diagram demonstrating the proposed pathways for drugs entering the nasal cavity and passage to brain tissue or CSF [113] in the trigeminal nerve branches, trigeminal ganglion, pons and olfactory bulbs after the delivery of radiolabeled IGF-1 neuropepitde. There is still controversy regarding which pathway is involved-olfactory or trigeminal nerves, as one portion of the trigeminal nerve enters the brain from cribriform plate alongside the olfactory pathway [42] . Intranasal delivery of various other large molecular weight proteins or peptides-Interferon-B1b, hypocretin, BDNF, CNTF, NT-4, or EPO found similar results of high level of radioactivity in the trigeminal nerves.
Vascular and lymphatic pathways: Intranasal route has been utilized traditionally to deliver drugs to the systemic circulation via absorption into the capillary blood vessels which are present in the respiratory and olfactory mucosa. Only molecules which are able to cross the BBB from blood can access the CNS. Mostly small molecules with lipophilicity show 100 % bioavailability however hydrophilic and large molecular weight drugs show low nasal mucosa permeability and hence have less than 10 % bioavailability for small molecular biologics and less than 1 % for the high molecular weight drugs [35, 46] .
Number of studies have been done that confirms the connection of olfactory subarachnoid space CSF with lymphatics of the nasal mucosa and this connection is proved to be the main pathway through which CSF material flows into the lymphatic system [47] . It is possible that these sites can provide access for the intranasally administered substances, which are able to cross the olfactory epithelium and enter the lamina propria, to the CSF and other regions in CNS. Ultimately, the substance would appear in systemic circulation after traveling through the lymphatic flow and has to cross BBB to reach the CNS. Numerous intranasally applied molecules rapidly enter the CSF depending on the lipophilicity, molecular weight, and degree of ionization of the molecules. [48] [49] [50] [51] [52] [53] . Large molecular weight compounds such as Evans blue-albumin or [ 125 I]-albumin are concentrated in the perivascular spaces of the middle cerebral arteries and in the deep cervical lymph nodes after injection into CSF or brain [47] .
The intracellular and extracellular olfactory pathways constitute direct transport pathways of substance delivery into the brain. However, the systemic and lymphatic pathways are indirect transport pathways to the brain and substances are still required to cross the BBB or blood-CSF barriers. One of the ways to get information regarding the intranasal delivery mechanism is by evaluating distribution into the CSF. Due to the various interconnections and overlaps in the different pathways it is difficult to experimentally separate contributions of different pathways into the CNS after intranasal administration.
Nanotechnology for intranasal delivery to CNS
Even though there have been several biological molecules delivered through the intranasal route (Tables 2  and 3 ), evidence of intranasal delivery is still sparse as far as broader therapeutic applications and in higher animal species, including primates, despite the advantages offered for CNS therapy. Most of these biological drugs show less than 1 % bioavailability due to various limiting factors involved. The nasal mucosa acts a major obstacle for the passage of large molecules, particularly for those above 1,000 Da in size [54] , and these are transported through transcellular pathway by either carrier-mediated endocytosis or transporters. Paracellular route is known to be involved with small polar drugs transport and it takes place between adjacent epithelial cells through hydrophilic pores and tight junctions. The tight junctions have a size cutoff in the range of between 3.9 and 8.4 Å which hinders the large molecules transport [55] .
Another major factor is the mucocilliary clearance which is a self-clearing mechanism where external agents once bound to the mucus are transported to the nasophayrnx and eventually to the gastrointestinal tract [56] . This mechanism influences the nasal absorption of the biological drugs.
Furthermore, enzymatic degradation of the intranasal administered drugs due to the presence of various proteolytic enzymes like aminopeptidases and proteases limits the amount of drug available for transport to the CNS. These proteolytic enzymes were believed to be the major barrier against the absorption of peptide drugs, such as calcitonin, insulin, and desmopressin [57, 58] .
Different multidrug resistance transporters have also been identified in the human nasal respiratory and olfactory mucosa. These transporters actively efflux out the drug from intracellular compartment to the extracellular compartment and they seem to effect the uptake of these biological drugs in the nasal mucosa. P-gp is one of the efflux transporters that is found in the apical area of ciliated epithelial cells and in the submucosal vessels of the human olfactory region [59] .
To overcome these various challenges, one of the preferred approaches has been the use of nanotechnology to enhance nasal absorption of large molecules. Over the last few years, specialized systems such as nano/-micro-particles, liposomes, lipid emulsions, microspheres, and films have also been developed to improve nasal drug delivery. Few of the research examples focused on the development of formulation strategies to overcome the barriers present in the nasal mucosa to improve intranasal delivery efficiency and targeting to the CNS are presented in this section.
Nano-and micro-particles
Nano/micro-particles are solid matrix of colloidal particles with diameters ranging from 1 to 1000 nm formed using various polymers like degradable starch, dextran, chitosan, microcrystalline cellulose (MCC), hydroxypropyl cellulose (HPC), hydroxypropyl ethylcellulose (HPMC), carbomer, and wax-like starch, gelatin polymers [60] . In these carrier systems, the drug could be loaded via either incorporation with the system or its adsorption on the particulate system. Encapsulated drug can be released from these particles by different mechanisms. Nanoparticles may offer several advantages in improving nose-to-brain drug delivery, some of which are higlighted here. Due to the small diameter of these particles they can be transported transcellularly through olfactory neurons to the brain via the various endocytic pathways of sustentacular or neuronal cells in the olfactory membrane. Nanoparticles can also be prepared to improve upon the paracellular transport of these molecules. A recent study using estradiol (MW-272) chitosan nanoparticles performed by Wang et al. [61] showed significant increase in the drug concentration in the CSF after intranasal administration in rats. Cyclodextrin complexed chitosan nanoparticles were prepared using the cross-linked chitosan and the resulting diameter was reported to be 265-274 nm. Chitosan is widely used as a permeation enhancer which works by transiently opening the tight junctions and allowing the paracellular transport of drugs through the epithelium barrier. The study suggests that the mucoadhesive nanoparticle formulation can achieve enhanced direct nose-to-brain transport as compared to a simple estradiol solution [62] .
As the active drug will be encapsulated inside these particles, macromolecules will be protected from biological and/or chemical degradation and extracellular transport by P-gp efflux proteins. In a study performed by Morimoto et al. [63] , sCT (salmon calcitonin MW-3454) was applied nasally to rats in positively and negatively charged gelatin microspheres. The positively charged microspheres showed better ability to adhere to the mucosa, and gelatin microspheres protected the peptide from enzymatic degradation. The hypocalcemic effect obtained with the microspheres was found significantly higher than that of sCT solution. In conclusion, it was demonstrated that gelatin microspheres are a beneficial drug carrier for nasal application of peptide drugs [63] . In another study co-administration of P-gp inhibitor rifampin with P-gp substrate verapamil resulted in significantly greater brain uptake of verapamil as a result of reduced clearance due to P-gpmediated efflux [64] .
The mucoadhesive property of these systems is another important parameter that can be explored for improving their retention and action in the nasal mucosa. In one of the study the cationic nanoparticle system having size of 60 nm in diameter made from polysaccharides, dipalmitoyl phosphatidyl choline, and cholesterol, was shown to have an extended mean residence half-life in the nasal cavity of humans to 2.3 h. After 24 h, 33 % of the radioactivity was still detectable in the nasal cavity [65] . Due to relatively high surface area offered by these particles, drug release will be faster as compared to larger non encapsulated macromolecules which in turn will be beneficial especially for the acute management of diseases like pain.
Surface-modified polymeric nanoparticles
The surface of the nanoparticles can be decorated with different targeting molecules. One of the examples of such a surface engineered particles is the wheat germ agglutinin (WGA) lectin-coated PEG-PLA nanoparticles, which were used to encapsulate the vasoactive intestinal peptide (VIP; MW 3326). Data reported shows that VIP concentrations were increased in the olfactory bulb, cerebrum, and cerebellum for the PEG-PLA particles as compared to non-encapsulated VIP solution and these values further increased by use of the WGA-coated PEG-PLA nanoparticles. The increase in VIP concentrations also correlated to improved memory function, as determined by the water maze behavioral test. This is the first evidence that has shown the ability of nanoparticles to protect a peptide drug from peptidase degradation in the nasal environment, and furthermore, their enhanced pharmacological efficacy compared to control animals. The use of lectins in formulations for coating the surface is advantageous as lectins have selective affinity for biological membranes due to their capacity to recognize the sugar residues [66] .
Specific delivery of the drugs to olfactory epithelium is an important factor for the transport of drugs to CNS; otherwise, drugs will be absorbed through the respiratory epithelium into the systemic circulation. One of the strategies that has been adopted for specific targeting to olfactory epithelium for these biologic based drugs is to use ulex europaeus agglutinin 1 (UEA 1), which has specific binding affinity to l-fructose residues found on the apical surface of the olfactory epithelium. PEG-PLA nanoparticles have been conjugated to UEA 1 and it was found that the use of these particles increased the fluorescent marker coumarin (loaded in particles) concentration in different regions of brain almost twofold as compared to the unmodified particles [67] .
Liposomes
Liposomal drug delivery systems for intranasal delivery to CNS present various advantages as liposomes can be used to encapsulate large molecules with a wide range of hydrophilicity and can also provide higher absorption due to the interaction of the lipids with the lipid bilayer in the epithelium. Liposomes have been found to enhance nasal absorption of peptides such as insulin and calcitonin by increasing their membrane penetration or by providing protection of the entrapped peptides from enzymatic degradation. Cationic liposomes were used to encapsulate a model drug ovalbumin (MW= 45 kDa) and when these liposomes were delivered intranasally they demonstrated high levels in substantia nigra and striatum 6 and 24 h after intranasal administration [68] .
Cyclodextrin-inclusion complexes
Another strategy is to improve upon the drug solubility at the site of delivery in nasal epithelium. Drugs can be encapsulated in carriers, like cyclodextrins inclusion complexes containing a hydrophobic core and a hydrophilic shell which can help improve upon the drug solubility problems and improve brain uptake after intranasal administration. Galanin-like peptide (GALP) mixed with alpha-cyclodextrin resulted in enhanced delivery to all brain regions by two-to threefold, with the greatest uptake in the olfactory bulbs and hypothalamus, while GALP when mixed with beta-cyclodextrin resulted in enhanced uptake of GALP specifically to the olfactory bulbs compared to a simple intranasal solution [65] .
Nano-and micro-emulsions
These are dispersions consisting naturally occurring lipids or oils, surfactant and an aqueous phase usually with a droplet diameter in the range of 1-1000nm. These formulations have advantages of improving upon the solubility problems and can also provide mucoadhesion due to the use of different types of lipids. Recently, an emulsion-like formulation was patented for use with water-insoluble peptides and proteins by Hanson and Frey's group [69] and it was used to encapsulate the growth differentiation factor (GDF5) protein which may be used to treat Parkinson's disease. It was shown first time that encapsulation of GDF5 in lipid microemulsion increased drug targeting to the midbrain eightfold as compared to intranasal solution [70] .
Nanotechnology-based particulate systems will be able to facilitate the transport of peptide-and protein-structured drugs through the nasal mucosa and protect them from enzymatic activity by increasing the retention time of the drug in the nasal cavity, establishing tight contact between the nasal mucosa and the drug, providing localization of the drug at high concentrations, and opening the tight junctions between the epithelial cells. These advantages shows great promise of nanotechnology-based system for improving the intranasal delivery to CNS and need to be further explored for biologics.
Formulation considerations in CNS therapies
The development of bio-therapeutics for CNS therapy has mainly been hindered owing to their limitations like poor drug-like properties, in vivo instability and short half-life leading to ineffective delivery across the brain. Recent advances in the area of drug delivery mainly via systemic or intranasal route, and discovery of novel devices have enabled over 150 peptide therapeutics already undergoing clinical development [1] .
Formulation issues in systemic delivery
Most peptide therapeutics are susceptible to proteases and have rapid clearance, thereby require higher dose or more frequent administration. Recently, novel approaches in designing synthetic peptides by altering their length and replacing L-amino acids by unnatural D-amino acids, for example, somatostain analog octreotide, have improved the enzymatic stability [71] . PEGylation of nanoformulations has now been well-known to improve their circulation time in the blood. The same concept has been applied to peptides, for example, PEGylated interferon for the treatment for hepatitis C has tenfold increased half-life to native interferon. For CNS delivery, improving the permeability of native therapeutics by increasing the lipophilicity via fatty acid linkers is being explored. A minireview highlights some of the applications of polycyclic cage-like scoffolds of pentacycloundecane and adamantane as moieties to increase the BBB permeability of hydrophobically modified therapeutics to effectively treat neurodegenerative diseases [72] . Another interesting strategy called as the "lock-in mechanism" has shown drug modifications via the target or peptide conjugate that can be trapped behind the lipoidal BBB for effective therapy [73, 74] . Hence, there is a need to effectively design molecules that can traverse the BBB and reach the target sites in the brain without altering their potency or safety.
Another problem, especially in the delivery of cancer therapeutics to the brain, is their susceptibility to efflux by transporters like p-glycoprotein and others present at the lumenal side of the BBB. Drugs can be modified so that they are not taken up by these transporters or they can be coadministered with small molecule P-gp inhibitors, like zosquidar, etc. Potent CNS effects of loperamide were seen when administered with P-gp inhibitor quinidine. However, most of the small molecule P-gp inhibitors are also known to cause side-effects due to their low potency and selectivity. We have explored the potential of using safe and wellknown natural compound, curcumin to downregulate the efflux transporters and have shown improved uptake of drugs like paclitaxel [75] .
Diseases like Alzheimer's, Parkinson's, and Huntington's are associated with protein malfunction and hence, can be thought to be effectively treated by downregulating production of offending protein with small interfering RNA (siRNA). It has been shown that by associating siRNA to a brain penetrating peptide, the peptide carries siRNA into the CNS, likely by receptor-mediated transcytosis [76] .
Major focus for enabling delivery of therapeutics across the BBB has been using nanoparticulate drug delivery technologies. These formulations, due to their lipophilicity and/or size are taken up by the cells of the BBB by endocytosis. Nanocariers like liposomes, nanoemulsions, polymeric nanoparticles, or solid lipid nanoparticles, can effectively encapsulate the compounds and can be surface modified with specific ligands or antibodies for insulin, transferrin, or leptin and Fc fragments for easy identification and uptake by receptor-mediated transport [1] . Conjugation of vasoactive intestinal peptide to an antibody to the transferrin transporter using avidin-biotin technology produced a significant increase in cerebral blood flow [77] . Lowdensity lipoprotein-related receptor (LRP-1) family of peptides has been explored to facilitate delivery of therapeutics to the brain [78] via the transcytosis mechanism. ANG1005, is an engineered peptide with angiopeptides (LRP-1) and three molecules of paclitaxel, exhibits greater than ten times higher uptake into rat brain than paclitaxel alone and is in clinical trials for the treatment of brain cancer [78] .
Designing formulations with improved drug loading is the key for enabling nanoparticulate-based drug delivery to the CNS via systemic route. Also, adjusting the pH, osmolarity and lipophilicity/targeting potential of these formulations needs to be considered.
Formulations issues in intranasal delivery
The exact mechanisms by which drugs traverse the olfactory epithelium to reach the brain and CSF are not completely understood. However, it is generally accepted that small lipophilic moieties can be absorbed into the capillaries of olfactory epithelium and subsequently reach the brain by crossing the BBB. In this case, the rate of absorption will largely be influenced by physicochemical properties of the compound itself, including size, ionization state, lipophilicity, and its hydrogen-bonding potential with the membrane [79] .
Intranasal route of delivery is limited by the volume of formulation that can be administered (<400 μL in humans), and hence, it is important to get adequate solubility and drug loading in the intended formulation. Simple solutions are known to be rapidly cleared along with the mucus in the nasal cavity. Even though this route leads to a faster rate of absortion, it also leads to very short residence time. Also, permeability across the mucus and tissue layers is fairly low. Mucoadhesive excipients like carbopol and starch; polymers like chitosan; and penetration enhancers like surfactants, bile salts, and phospholipids can be employed within the formulation to improve the residence time [80] . The formulations need to be adjusted for pH, osmolarity and viscosity to avoid irritation of the mucosal lining.
Olfactory route is gaining more attention mainly because it does not pose restriction similar to that caused by the BBB; however, it should be noted that the epithelial lining of the nasal cavity has other barriers for delivery of large molecular weight drugs due to the tight junctions [81] . Studies published so far with intranasal administration of drugs especially biotherapeutics has shown very low bioavailability (<1 %), and hence, only very potent drugs, genes, or siRNA can be attractive candidates for this route of delivery. There is also a need to study their stability in the various metabolic enzymes present in the nasal mucosa and come up with strategies to ensure its protection from enzymatic degradation. Owing to presence of large number of blood vessels surrounding the nasal cavity, drugs can enter the systemic circulation after deposition in the respiratory mucosa. This will in turn can lead to off-target effects. Therefore, targeting the therapeutic to the olfactory mucosa either by use of specific olfactory receptor binding agents or by employing special delivery devices is an important consideration when delivering molecules to the brain via the intranasal route.
Lastly, pre-clinical to cinical translation of data is debated, given the large differences in anatomy of rodent nose versus human nose. This necessitates the study of therapeutics and intranasal formulations in larger nonhuman primate models. It may be worthwhile to put some efforts in marrying the drug delivery formulations to devices to effectively introduce therapeutics via the intransal route for brain delivery.
Material safety considerations
High-throughput technologies have become routine in screening candidates during drug discovery. Over recent years, the nature of the disease targets has lead to discovery of molecules with increasing molecular weight, lipophilicity, and complexicity [82] . This in turn, has put a significant need to finding novel formulations and excipients to tackle the drug bioavailability issues [83] .
The "Guidance for Industry-Drug Product, Chemistry, Manufacturing and Controls Information" issues by FDA classifies excipients into different types: Glycerin is also widely available with percentages of greater than 20 % in products designed for i.v. or i.m. dosing and greater than 90 % for oral administration [83] . Sometimes there is a disconnect between published safety limits and levels that are already being dosed in approved products. Cremophor, polyoxyethylenated castor oil derivative, has become a very common surfactant due to its great solubilizing capacity. However, it is associated with allergic responses in sensitive species, like anaphylatic reaction in dog. In man, there have been varying reports of rash to a shock depending on the product used.
Some excipients are not inert, but can have additional functional properties, like most surfactants can cause P-gp inhibition or CYP3A4 interactions when given orally and hence, alter the in vivo exposure of the active drug. Hence, such excipients need to be screened appropriately. Recently, there has been increased focus to use biodegradable excipients (polymers, oils, etc.) to avoid systemic side-effects. For example, emulsions are gaining popularity not only because of their property to solubilize drugs, but also their ability to provide appropriate kinetics and biodistribution in vivo. Biodegradable nanoparticles of PLGA, etc. have provided improved targeting and hence less systemic toxicity of cancer therapeutics.
Ability of scientists to determine whether improved in vivo performance is due to solubility enhancement alone or in combination with physiological perturbations will allow for a more mechanistic understanding of formulation and excipient function(s) [84] .
Conclusions and future outlook
Bio-therapeutics are attractive as therapeutics owing to their potency, specificity and safety profile. However, their delivery to the CNS has been challenging due to presence of the bloodbrain barrier, blood-CSF barrier, and the systemic dilution effect and clearance. Various invasive and non-invasive techniques have been explored pre-clinically as well as in clinic to effectively delivery therapies to the CNS. Of these, use of nanoparticulate formulations like liposomes and nanoparticles by systemic administration and via intranasal route has gained recent interest. Furthermore, these systems can be modified to serve as active targeting moieties as well as can be made to incorporate efflux modulators to improve the efficiency of delivery.
Although, many biological molecules have been delivered pre-clinically by intranasal route, much less evidence is present to show enhancement in biodistribution to the brain. Mechanisms involved in delivery of molecules to the CNS via the nasal passages are yet to be completely understood.
However, the challenges posed by the intranasal route of administration have been widely studied and are countered by various strategies, like use of absorption enhancers, tight junction openers, and permeation enhancers to improve upon the bioavailability of these molecules. Furthermore, novel nanotechnology-based approaches have been explored and have shown some pre-clinical promise in terms of providing protection, mucosal retention and improved absorption for these macromolecules.
Detailed evaluation of these different delivery routes and strategies to enhance BBB targeting is warranted for translation to a clinical setting, keeping in mind patient compliance and treatment goal for diseases affecting the CNS.
